The effect of Dy addition on the microstructure and magnetic properties of the sintered NdFeB magnets was investigated. The results of the microstructure analysis showed that Dy-free and Dy-doped samples are composed of Nd 2 Fe 14 B (P42/mnm) and a trace of Nd-rich phase. Dy addition reduces significantly the pole density factor of (004), (006) and (008) crystal faces as estimated by the Horta formula. Accordingly, the coercivity of the Dy-doped sample increases from 2038 kA·m −1 up to 2288 kA·m
Introduction
Since the development of the NdFeB magnets, it attracts much attention due to the high anisotropy and coercivity. As compared to the SmCo magnets, the NdFeB magnets have higher magnetic properties, such as coercivity H cj = 5572 kA·m −1 , B r = 1.22 T, and (BH) max = 400 kJ·m −3 [1] . A high coercivity is always expected for the sintered NdFeB magnets in terms of the high magnetic crystalline anisotropy, but the experimental value of the coercivity, amounting to about 2000 kA/m-3000 kA/m only, is considerably smaller than the theoretical predictions H cj = 7164 kA·m −1 [2] . Therefore, many efforts have been worked towards refining the microstructure and optimizing the manufacturing method.
It is well known that the coercivity of NdFeB magnets can be improved by adding a small amount of dopants, such as Co, Ga, Zn, Al or some other refractory elements. For example, Kanekiyo et al. [3] have reported that the addition of 3 at. % V to NdFeB alloys can increases the coercivity significantly. Harrison et al. [4] also showed that the addition of Ti and C to alloys can modify the microstructure. The main reason for the improvement of coercivity is attributed to the refinement of the microstructure of the sintered magnets by adding metal elements. Presently the hydrogen decrepitation (HD) technique is an effective manufacturing technique to refine the grain size of the NdFeB alloys and has been widely used in the sintering process.
In this work, we reported the effects of Dy addition on the microstructure and magnetic properties of the sintered NdFeB magnets prepared by HD method. The coercivity mechanism of both Dy-free and Dy doped NdFeB samples were studied by Kronmüller-Plot behavior.
Experimental
The compositions of the sintered magnets were Nd 3 at. %) were used. The samples were fabricated using the following technique: The alloys were melted about 30 min by an induction furnace, then the ingots were prepared in rectangular water-cooled copper moulds. In order to eliminate the α-Fe phase, these alloys were placed into vacuum anneal furnace at 1000 for 10 h under vacuum (≤ 10 −3 Pa). The annealed ingot was crushed into powders, and placed in a furnace and then heated from room temperature to 850 o C for 1 h in a high purity hydrogen atmosphere of 1.2 atm. This pressure of the hydrogen gas, higher than ambient pressure of the hydrogen gas at room temperature, is favorable for observing the absorption and desorption prosses of hydrogen gas. After cooling to room temperature, the powder was placed in a spiral type jet mill to produce the powder (average particle size = 4.8 μm) under a high purity nitrogen atmosphere. The powders were aligned magnetically in an external field of 1.8T, then pressed isostatically and vacuum sintered at high temperature of 1180 o C for 3 h. Finally, single phase sintered NdFeB magnets were achieved. The microstructure of these magnets was examined by X-ray diffraction (XRD) with a Cu Kα radiation. Magnetization measurement was accomplished by using a BH loop tracer in the perpendicular direction of the magnetic field.
To study the intensity of crystal texture, the pole density factor was calculated according to the Horta method [5] : (1) where I (hkl) is the measured intensity of the (hkl) crystal face, M (hkl) is the multiplicity of the (hkl) crystal face. I R(hkl) represents the equational intensity of the (hkl) crystal face, which can be calculated as follows: (2) C (hkl) is a factor determined by: (3) where V 0 is the volume of unite cell, F is the structure factor, P is the multiplicity, is the Lorentz-Polarization factor and e -2M is the temperature factor. , it is found that the ratio of I (410) /I Nd-rich = 0.53 (I Nd-rich is at 2θ = 50.4º for Nd-rich phase) for the Dy-doped alloy was slightly lower than that of the Dy-free alloy (0.77). Also, in the case of the Dydoped sample, the half-width of the diffraction peaks is larger while the intensity is lower than that in the Dy-free sample. This result indicates that the grain size in the Dydoped alloy was refined and the volume fraction of Nd 2 Fe 14 B phase changes as a consequence of the Dy addition. The refined grain size in Dy-added alloy is further confirmed by SEM observations shown in Fig. 2 . Where the average grain size of the NdFeB phase in Dyfree ( Fig. 2(a) ) and Dy-doped ( Fig. 2(b) ) the sample is determined to be 22.3 μm and 16.8 μm, respectively. Additionally, the intensities of the (004), (006) and (008) crystal faces of the Nd 2 Fe 14 B crystal are much stronger as compared with the main diffraction intensity of (410) crystal face (See Fig. 1(a) and (b) ), indicating a strong (00l) texture occurring in the both NdFeB and (Nd,Dy)-FeB alloys. For quantitative analysis of the crystal texture (00l) in Dy-free and Dy-doped NdFeB magnets, the pole density factors of (004), (006) and (008) crystal faces were calculated in term of Horta-formula (Eq. 1). The results show that the pole density factors of (004), (006) and (008) crystal faces in the Dy-free NdFeB sample were 2.9, 3.5 and 4.3 respectively, slightly higher than the value (2.4, 3.6 and 4.0) for the Dy-doped NdDyFeB sample. The reduced pole density factor indicates that the Dy addition could result in the decrease of crystal texture in the alloys. Fig. 3 displays the demagnetization curves of NdFeB and (Nd,Dy)FeB magnets measured at different temperatures. It can be seen that, compared to the Dy-free sample Fig. 1 . XRD patterns of Dy-free and 0.5 at. % Dy doped NdFeB sintered magnets in the perpendicular direction of the magnetic field.
Results and Discussion
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− 237 − (see Fig. 3(a) ), the addition of Dy results in a strong increase of coercivity H cj from 2038 kA·m −1 up to 2288 kA·m −1 without sacrificing the remanence, the remanence B r is both close to 1.14 T. This result is different from our previous result [6] that the addition of other heavy rare earth Tb element improve the coercivity but with sacrificing the remanence. Some studies have been carried out on the effect of Dy substitution in the Nd-Fe-B system [7] . ) [8] . On the other hand, Dy substitution can optimize the microstructure of the Nd 2 Fe 14 B matrix and decrease the grain size, which are important for producing magnets with high coercivity (H cj ) [9] . Similar results were observed in the magnets with Zr [10] and Ga [11] addition.
In order to study mechanism of the coercivity in Dyfree and Dy-doped samples in more detail, the temperature dependence of the demagnetization curves for the NdFeB and (Nd,Dy)FeB magnets were measured and shown in Fig. 3(b) and (c). With the increase of the temperature, two magnets show a rapid decrease of the magnetic properties. It can be seen more clearly by the plots of B r , H cj and (BH) max of the NdFeB and (Nd,Dy)-FeB magnets versus the temperature (see Fig. 4 ). For the (Nd,Dy)FeB magnet, as the temperature rises from 295 up to 448 K, B r reduces from 1.14 T down to 0.94 T, H cj from 2288 kA·m −1 to 528 kA·m . Generally, the coercivity of the conventional sintered NdFeB magnets is usually dominated by nucleation mechanisms [12] . The nucleation process is defined by the formation of a small reverse domain upon the application of a reverse field. Once the nucleus is formed, it rapidly propagates through the whole volume resulting in a rapid total magnetization reversal [13] . According to a modified form of the Brown model [14] (4) the microstructural parameter α k describes the reduced surface anisotropy of nonperfect grains, N eff is an effective demagnetization factor describing the internal stray fields acting on the grains. The minimum nucleation field denotes the value for the nucleation field of the most unfavorably aligned grains belonging to misalignment angle of 45° according the Stoner Wohlfarth model [15] . M s is the saturation magnetization obtained from a Nd 2 Fe 14 B single crystal. The result of the experimental data H cj (T)/ M s (T) versus the theoretical values /M s (T) (Kronmüller-plot) shows a linear behavior (see Fig. 5 ), indicating that the nucleation of reversed domains is the dominant process for the magnetization reversal in these magnets. The fitting results of the magnets show that the values of the α k according to Eq. (4) is 1.39 for the Dy-free sample and 1.67 for the Dy-doped sample, and the values of N eff is 1.75 for the Dy-free sample and 2.31 for the Dy-doped sample, respectively. The results show that Dy addition to the sample results in a large values of α k and N eff . However, as we know, only the large value of α k and small value of N eff are helpful for the enhancement of the coercive field in the sintered NdFeB magnets. The question now arises of which microstructural parameters play the leading role in the sample with respect to an enhancement of the coercivity. A quantitatively calculation for the samples is favorable for understanding this question. The enhancement of the coercivity due to the increase of α k is
, and the enhancement of the coercivity due to the increase of the N eff is M s ((−N eff * )− (−N eff )) = −0.15 MA·m −1 [16] . Here, microstructural parameters α k * and N eff * represents the case of Dy addition. The large difference in the value of 0.84 MA·m −1 and −0.15 MA·m −1 indicates that the enhancement of the coercivity of the Dy-doped magnet is mainly due to the increase of the parameter α k .
Conclusion
High coercivity sintered Dy-doped NdFeB magnets were prepared by HD method. Dy addition results in a significant reduce of pole density factor of (004), (006) and (008) crystal faces of the sintered (Nd,Dy)FeB magnets estimated by Horta formula. The coercivity H cj increases from 2038 kA·m −1 up to 2288 kA·m −1 as a result of 0.5 at. % Dy doping. The H cj (T)/M s (T) versus /M s (T) (Kronmüller-plot) behavior shows that the nucleation is the dominant mechanism for the magnetization reversal in these two kinds of magnets, and two microstructural parameters of α k and N eff are obtained. The Kronmüller-Plot tells us that an increase of the α k is responsible for the increase of the coercivity . 
